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Fast neutron reactors are of particular interest in the context of reducing carbon emissions, as they offer an
attractive uranium economy and are crucial for closing the fuel cycle. To construct new reactors, safety issues
must be studied thoroughly, and decay heat is a critical parameter, as demonstrated during the Fukushima ac-
cident. To ensure reactor safety, it is necessary to know the decay heat throughout the fuel cycle. Calculation
tools are being developed at CEA and have been validated by comparing them with experiments performed in
Sodium Fast Reactors Phénix and Superphénix. For many years, there have been inconsistencies between the

experimental and calculated decay heat values for French SFRs. The analysis of the 2008 PUIREX experiment in
Phénix has been revisited, and a new method has been tested to obtain the decay heat from temperature mea-
surements. Explanations for the discrepancies with the calculations have been found.

1. Introduction

Decay heat is a crucial parameter for nuclear reactor and fuel sub-
assembly safety. It is the energy released by the decay of unstable nu-
clides present in the fuel or produced by its irradiation, spontaneous
fissions, and delayed neutrons. It accounts for up to 7% of the reactor’s
power just before shutdown. The French Nuclear Safety Authority
identifies the removal of decay heat as one of the three fundamental
safety functions. If this function is not insured, the core may melt,
resulting in a severe accident. The increasing interest in nuclear reactors
for their low-carbon energy production implies a growing focus on fast
neutron reactors. They have an attractive uranium economy and are
essential for closing the fuel cycle.

Decay heat experiments have been carried out for decades for both
thermal fissions (Shure, 1961; Schrock, 1979) and fast fissions
(Akiyama, 1982; Aoyama, 1999; Lott, 1972; Fisher et al., 1964). Neu-
tronics and depletion codes are used to compute decay heat results,
which are compared to measurements for validation (England, 1962;
Bell, 1973; Tasaka, 1977; Kolobashkin et al., 1983; Duchemin et al.,
1990; Grouiller et al., 1990; Gomin, et al., 1999; Tsilanizara et al.,
2000). Two main methods have been developed to experimentally
evaluate decay heat. The calorimetric method involves using the first
law of thermodynamics to deduce the decay heat of an irradiated
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material (Johnston, 1964). While the method is straightforward,
measuring short cooling time can be challenging due to the thermal
response of the calorimeter. Many experiments (Lott et al., 1972;
Schrock, 1979; SKB, 2006) have employed this method by measuring
temperature increases, heat flows and temperature differences. Another
method involves using spectrometers to measure the energy of  and y
rays emitted by the irradiated material (Dickens, 1977; Nguyen, 1997).
To obtain an accurate measurement of the decay heat and avoid the
Pandemonium effect (Hardy et al., 1977), this method requires highly
efficient detectors sensitive to both y and g rays (Maekawa et al., 2000;
Algora, et al., 2010; Guadilla et al., 2016).

For a considerable period, the majority of irradiated materials were
samples weighing between a few milligrams and a few grams, consisting
of element of interest such as 2 U, 228 U or 22° Py and with a purity level
of approximately 90 % (Dickens, 1977; Dickens, et al., 1981; Fisher
et al., 1964). These samples underwent short-term irradiation and were
promptly retrieved for measurement. To calculate accurately the energy
released per fission, it is necessary to characterise the neutron flux and
neutron spectrum at the irradiation position. These small and pure
samples cannot fully relate the physics of a complete fuel element.
However, measuring the decay heat of a whole fuel element is a complex
logistical task, and there are few experiments that have been conducted
on this topic, (Ilas, 2008; Svensk Karnbranslehantering, 2006; Jaboulay
et al., 2012), particularly in relation to fast reactor fuel (Maekawa et al.,
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Nomenclature t Time (s)
Sources  Thermal sources (kW)
Acronyms 0 Sodium temperature (K); o = 400°C and 6; = 357 C are
C/E Calculation to Experiment reference temperatures
MOX  Mixed OXide fuel i Density of material i (kg.m™2)
OLS Ordina{y Least Squares Ai Decay constant of isotope i(s™!)
PWR Pres.surlzed Water Reactor Var(t) Variance of variable t (s2)
SFR Sodium-cooled Fast Reactor v, Rotation speed of pump i (r.p.m)
Symbols fpps My~ Primary and secondary pumps’ yields at nominal power
(o] Nominal rotation speed of primary pumps (r.p.m) Devices
Co Nominal rotation speed of secondary pumps (r.p.m) cc Cold collector
Cov(#,t) Covariance between variables 6 and t (K.s) heater  Under vessel heaters
cpi(0) Specific heat capacity of material i(kJ.kg K1) Pheater  Primary regular circuit heater
E; Mean decay energy of isotope i (J) PPC Primary purification circuit
I Thermal inertia (kJ.K1) Rheater  Last resort circuit heater
Leaks Thermal leaks (kW) SPC Secondary purification circuit
L; Thermal leak from device i (kW) trap Steam generator trap doors
m; Mass of material i (kg) hc Hot collector
N; Amount of isotope i LastResort Last resort circuit
P(t) Decay heat at time t (kW) pp Primary pumps
Pievice Power coming from a specified device (kW) primary Primary circuit
Py Electrical power powering primary pump i (kW) sp Secondary pumps
Py Electrical power powering secondary pump i (kW) Spipe Secondary circuit piping
r Coefficient of determination slab Primary slab
discrepancy at early time, as shown in Fig. 1. For this reason, a new
Table 1 calculation was performed in 2018 (Lebrat et al., 2018) with the up to

Review of the decay heat measurements in French SFRs.

Decay heat experiments and their comparisons to calculations

Reactor and year of Cooling Year of the Discrepancy

the experiment time calculation between the
experiment and the
latest calculation

Phénix 1979 ( 7 t0 36 h 1979 and 1992' ( +6to + 20 %

Desperts, 1979)
Phénix 1982 (
Guidez, 1983)

Gillet, 1992)

6to28h 1983 —12to -8 %

Phénix 1993 (Martin, 6to72h 1993 (Gillet, 1993) +5t0+ 17 %
1993)

Phénix 2008 (Auban, 1.5hto 2012 (Benoit et al., —6to + 26 %
2008) 12 days 2012) and 2016" (
, (Chaucheprat Lebrat, et al., 2016)
et al., 2008)

Superphénix 1987 ( 3to24h 1988 (Gillet, 1988), —20to -8 %
Gillet, 1987; Gillet 1996 (Gillet, 1996)
et al., 1990) and 2020" (Calame

et al., 2020)
Superphénix 1996 3to84h 1998 (Bernardin, —-10to —5%

1998) and 2002 (
Bourdot, 2002)

! Several dates of calculation appear when an update of the calculation has
been carried-out.

2000). This paper discusses an experiment that measures the decay heat
of an entire nuclear core.

In the 70's and 80's, France built the Phénix and Superphénix Sodium
Fast neutron Reactors (SFR) and numerous decay heat experiments were
carried out to demonstrate the feasibility, viability and safety of such
reactors. The measurements, as summed up in Table 1 took place in
1979, 1982, 1993 and 2008 in Phénix and in 1987 and 1996 in Super-
phénix. Each measurement has been compared with computations and
the discrepancies are different in each case — showing no clear tendency
— and relatively high. The 2008 experiment shows a bias in the Calcu-
lation to Experiment ratio (Benoit et al., 2012) and an important

date depletion package DARWIN-2 (Tsilanizara et al., 2000) and the
associated nuclear data library JEFF 3.1.1 (NEA, 2009), but no
improvement of the C/E was observed. This work aims to understand the
persisting discrepancy between the 2008 decay heat measurement in
Phénix and the calculations. We present an overview of the experimental
decay heat estimate method, followed by a short description of the
Phénix reactor. Then, the previous experimental data analysis — on
which we relied during the study — will be presented as well as the
improvements we propose in order to estimate the experimental decay
heat. Finally, we present new results, as we identified some sources of
bias in the experimental data processing.

2. The experimental data and their analysis
2.1. Estimate of the experimental decay heat

Direct measurement of decay heat from a nuclear core is not yet
possible. Therefore, the thermal balance equation (1) is crucial for
indirectly estimating decay heat in a nuclear reactor experiment, where
temperature is measured over time.

1(0) — = Puccay hea (1) + Sources(0) — Leaks(0) (kW) [6))

or
The determination of experimental decay heat requires knowledge of
the temperature variation rate and all thermal contributions, including
sources and leaks. These contributions are temperature-dependent due
to the thermal dependence of material properties and pump efficiency.
To obtain the decay heat from the measured temperatures, a thermal
balance of the entire reactor is achieved in this experiment. The
simplified 'point’ model represents the entire reactor, with a single
temperature considered in the thermal balance to estimate thermal
sources, leaks, and the rate of temperature variation.

Developing a reliable thermal model necessitates additional experi-
ments, which are challenging to design and must be executed with care,
using appropriate instrumentation. Consequently, there are few thermal



D. da Cunha et al.

Annals of Nuclear Energy 205 (2024) 110537

I —— —ExperimenalDH | 15%
= Calculated DH
+ Discrepancy C/E-1
right scale
r 10%
-
E [\ -+ +
2 -t"+++1' =+ S
: +++ T g
-\ R g
g \ T gy 3
g A\ L g
f + + -‘:l' + ++H 0 2
4y N + oy +4 + 1+0% 0
0 \V\\ at ++4++++++4'* -h-++"+{F_
] + + 4+ + +
~
= + L
g T +
\ + + ﬁl ++#.,_.|.ﬁ‘_t .
‘-'-'-—.“_._____ + Fiy 4 ++ 1 5%
.-+.&H_?.. =1
+J.4 +
T T T T -10%
0 2 4 8 10 12
Time (days)

Fig. 1. Results of the 2012 estimate of the experimental decay heat (continuous blue curve) compared to the 2012 calculation (dotted red curve) with the C/E-1
reported on the right axis (green crosses) (Benoit et al., 2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

models available, which frequently restricts the range of physical
models that can be used to calculate thermal balance. Decay heat ex-
periments typically involve cooling the subassembly or core with a heat-
transfer fluid. In our case, an accurate estimation of the reactor’s ther-
mal inertia as a function of its temperature requires precise knowledge
of the reactor.

Table 1 presents the decay heat experiments. These experiments
were used to develop feedback for estimating thermal inertia, thermal
modelling for leaks or sources, and determining relevant positions for
temperature measurements in the 2008 Puirex experiment.

As previously mentioned, accurately estimating the experimental
decay heat of an entire nuclear reactor core requires several steps. This is
a complex task as the reactor core is not a calorimeter, but rather a so-
phisticated environment that is difficult to model accurately. The
following section outlines the key components of Phénix that are crucial
for accurate decay heat estimate.

2.2. Description of the Phénix reactor

Phénix is a 350 MWt (megawatts thermal) Sodium-cooled Fast
Neutron Reactor (SFR) that began operation in 1973 and shut down in
2010. The reactor is integrated, with a single vessel containing all pri-
mary circuit components (Guidez, 2013).

2.2.1. Primary circuit

Two vessels compose the primary circuit, as illustrated in Fig. 2. The
main vessel contains the primary circuit, including six sodium-sodium
heat exchangers, three mechanical pumps, the “cold” sodium and the
primary vessel. The volume containing cold sodium is called “cold col-
lector”. The primary vessel contains the core, the “hot” sodium and the
rotating cap, which is instrumented. The volume containing hot sodium
is denoted “hot collector”. A thermally insulated vessel contains the
whole and a vessel having its own cooling system in case of accident, the
last resort circuit, contains the thermally insulated vessel.

2.2.2. Secondary circuits

There are three secondary circuits, S1, S2 and S3, each consisting of:
its own pump, two sodium-sodium heat exchangers located in the main
vessel and a steam generator. Fig. 3 shows a schematic diagram of one of
these secondary circuits. After the decrease of power from 560 MWt to
350 MWt, imposed by the safety regulations, the S2 secondary circuit
was shut down and its heat exchangers were replaced by fake ones
shown in Appendix 1. Only secondary circuits S1 and S3 remained in
use.

2.2.3. Auxiliary circuits

There are auxiliary circuits for both the primary and secondary cir-
cuits. There is a sodium purification circuit dedicated to the primary
circuit: it cools the sodium with cold traps to precipitate impurities,
filters them and then heats the sodium before returning it to the primary
circuit. As for the secondary circuits, there is a sodium purification
circuit and a hydrogen detection circuit for each of them. Both types of
circuits include thermal leakages and heating systems.

2.3. Sequence of events of the PUIREX 2008 experiment

On May 15th 2008, the primary and secondary cold traps of the
purification sodium circuit were bypassed in order to minimise thermal
leakages.

On May 16th at 3 p.m., a scram stopped the chain reaction with a 45-
second control rod drop, after an irradiation equivalent to 71,08 effec-
tive full power days (efpd). A 12-day decay heat experiment began.
Operators cooled the sodium to a temperature of 370 °C, to bring the
reactor to safe conditions. They, then dried the two steam generators
and prevented heat exchange with the outside. The reactor was then
considered as a calorimeter, with little heat transfer to the outside. The
temperature was homogenised thanks to the primary and secondary
pumps still in operation. One day later, the operators reduced the speed
of the secondary pumps and the day after, the speed of the primary
pumps. Five days after the rapid stop, they emptied the S3 secondary
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Fig. 2. Axial section view of the Phénix primary sodium circuit.

circuit and after 12 days of experiment, the steam generators trapdoors
were opened to cool the sodium: this was the end of the experiment. The
exact sequence of events is as follows:

to : May 16th 2008, 3p.m, fall of the control rods

e tyo + 33 min : Primary sodium purification circuit put in low regime

mode, in order to minimize its thermal leaks

to <t <ty+62min: Cooling of the sodium to 370 °C; primary

pumps operating at 540 r.p.m

tp + 62 min : Both steam generators are dried, the secondary circuits

are not cooled anymore

e ty + 70 min < t < tp + 2779 min : Primary pumps operate at 300 r.p.
m

® ty + 2796 min < t < tq : Primary pumps operate at 110 r.p.m

e ty + 1026 min < t < t,,q : Secondary pumps operate at 100 r.p.m

instead of 110 before. The pump of the S3 circuit is stopped after 5

days, when the operators empty the S3 circuit.

It is highly important to underline the lack of a criterion to define a
precise “start of experiment”, when the reactor can be considered as
isothermal. Thus, during the post-processing of the decay heat estimate,
the experimenters chose the virtual “start” of the experiment at some
point. This lack of traceability of the subjective criterion led in this case
to a “time shift” resulting in important discrepancies between

experimental and computational results, as we will discuss in paragraph
4.

2.4. Data acquisition

During the experiment, the temperatures were measured throughout
the reactor with dozens of thermocouples. Of all the thermocouples, 59
were placed on two instrumented poles, one in the hot collector: ML0O3;
the other in the cold collector: EIM. Appendix 1 is a horizontal section of
the primary circuit and shows the position of the poles, which measure
temperature at a frequency of 0.1 Hz. Of the 59 thermocouples available,
the experimenters selected 13 of them to represent an average temper-
ature of the sodium in the hot collector. The evolution of this average
temperature during the experiment is displayed in Fig. 4. After the
drying of the steam generators, the temperature increased, as decay heat
was considerable. It then reached a maximum of 396 °C and began to
fall: the decay heat decreased exponentially and no longer compensated
for thermal leakages. Slope discontinuities allow us to detect the
changes in the operating mode of the reactor that we mentioned in
paragraph 2c.
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Fig. 3. Representation of a Phénix secondary sodium circuit.
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Fig. 4. Mean temperature in the primary circuit obtained during the PUIREX
experiment in the Phénix reactor. 13 thermocouples were used to represent a
mean temperature of the sodium.

3. Indirect determination of the experimental decay heat
3.1. Processing of data

Fig. 5 shows an example of the mean temperature evolution as a
function of time. Temperatures in Fig. 5 match the initial temperatures
displayed in Fig. 6 where temperature fluctuations are difficult to assess
due to the larger time scale. Since we did not know whether the observed
fluctuations were due to a physical phenomenon — such as an inho-
mogeneous sodium temperature — or to some noise in the data acqui-
sition, we decided to extract the temperatures from 223 600 s to
303 600 s and study them in more detail. We chose this interval because
the temperature appears to follow a straight line and is easier to model.
We then calculated a linear model to fit these data and we found a good
agreement, as shown in Fig. 6.

The coefficient of determination 2> shows that there is a good
agreement between the linear regression and the data, so we calculated
the difference between both (see residuals Fig. 7) in order to understand

380.8 1

Temperature (*C)
&
=
o

380.4 4

380.2 4

223500 224000 224500 225000 225500 226000 226500 227000
Cooling time (s}

Fig. 5. Mean temperature of the Phénix primary circuit sodium during the
PUIREX experiment.

the behaviour of the temperature over a short time scale. We sorted the
discrepancies we obtained and divided them into ten intervals with the
same number of values in each interval. This gave us nine quantiles Q;
separating intervals with equal probabilities.

We compared these values with those of the standard normal dis-
tribution. Fig. 8 represents on the y-axis the quantiles of the standard
normal distribution related to the cumulative frequency of the experi-
mental quantiles obtained. On the x-axis, there are the quantiles of the
temperature discrepancies we obtained. We use this Quantile-Quantile
(Q-Q) plot as a graphical test for data analysis (Jockey, 1963; Wilk
et al., 1968). Since it follows a straight line as shown by the value of the
coefficient of prediction r2, there is clearly a good match between both
distributions, which means that the observation is most likely a Gaussian
noise with a mean close to 0 and a standard deviation of around
0.03°C/h, probably due to the electronics used for the measurement and
signal amplification.



D. da Cunha et al.

3825
Data

Fit
380.0 4

3775 4

375.0 4 r =0.999362

3725

Tmperature (°C)

370.0 4

367.5 4

220000 230000 240000 250000 260000 270000 280000 290000 300000
Cooling time (s)

Fig. 6. Mean temperature measured in the Phénix primary circuit sodium
during the PUIREX experiment and the associated linear fit with its coefficient
of determination r2.
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Table 2

Masses of the different materials in the Phénix reactor.
Material Sodium Steel Graphite Fuel
Mass (ton) 1000 1050 74 17

3.2. Thermal model used to estimate the decay heat

In the interpretation of this experiment, a point model represents the
reactor temperature as mentioned in paragraph 2.a. Experimenters
decided to select 13 thermocouples from the two poles in the reactor, to
have a good representation of a mean temperature in the primary cir-
cuit. They then considered the whole reactor to be isothermal, which
means that the temperature used for the decay heat estimate is a mean
temperature that is supposed to represent the whole reactor. In this way,
a unique temperature is used in each thermal model and equation (1)
can be applied. The thermal balance is calculated thanks to the thermal
inertia, thermal leakages and thermal sources (of which the decay heat is
one). Since decay heat is the unknown parameter we want to determine,
we obtain equation (2).

DecayHeat(t) = 1(0) % — Sources(0) + Leaks(0) (kW) @

The thermal inertia of the reactor is calculated as follows:

1(6) = Zm,-c,,i(é’) (k1.K7") 3)

The different specific heat capacities are obtained using equations (4)':

Cona(0) = 1436715 — 5.805379 o -107*0 +4.627274-107¢" (Foust, 1972)

(4a)
Cpueet(0) = 0.4676 + 3-1070 — 2:1076" (kJ.kg™' . K") (4b)
Cographie = 1.300 kJ kg 'K~ (4¢)
Co' = 0.234 kJ kg™ 'K™! (4d)

Masses of the different reactor components are summed-up in
Table 2.

3.3. Available models of the thermal balance

3.3.1. The “ETNa” thermal model

In the past, Phénix operators used the ETNa code (Dumarcher et al.,
2008) to estimate the time required for the sodium to reach a specific
temperature that would allow handling of the subassemblies. Based on a
simplified decay heat model and a mean reactor temperature, the code
provides the evolution of the mean temperature in the reactor thanks to
successive thermal balance calculations. ETNa — which had been vali-
dated on previous experiments (Appere, 1998) — was used in (Benoit
et al., 2012) to estimate the decay heat during the PUIREX experiment.
Equations (5) to (16) are those used in ETNa, where equation (5) being
equation (1) developed with a different thermal model.

% — Pdeca,vheal(t) + Ppp + Psp + Phgmer
o 10)

— leab — LhmRe:ort

5)
) —Lppc — LS]Jipe —Lspc _Ltmp
' 1(0)
L) @) G () (@)
P, = R )+ (-1 ) (kW
” Zi:]3 QNH(HO) G 3 Moy Pra(00) /) \Ci (kW)

1 fissile fuel specific heat capacity.
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Fig. 9. Schematic representation of the thermal balance in the Phénix reactor for the primary circuit and one secondary circuit. (Thermal leaks are colored in blue
and thermal sources in red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the
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()

where C; =720.5rp.m,Cy = 908 r.p.m,n,, = 0.864 and n, = 0.74

Pra(0) = 950.0483 — 0.2297537-0 — 1.46045.10°6°

+5.6377-107°6° (Foust, 1972)
Preaier = (Ppieater + Prieater) X 0.765(kW)
Lyay = 0.4-0 — 8(kW) (

®
9

10)

The equation is valid only if the exit temperature of the last resort

circuit is set to 28 °C.

Lissieson = — 0.45489 4 5.0116-107°0 — 1.2388-10°¢” + 1.8723-107%6° (kW)

an
Lppc = Q 22 PaCona AO(KW) a2
3600
Loyipe(6) =2 x (230.9988 — 0.82-0 4 0.003542-6” + C3) (kW) 13)
C; = 156 kW is an experimental coefficient.
Lspc = 2 “PaCona AO(KW) a4
3600
Ligy = (0.0092-6 — 0.51333) x 10° (kW) 15)
0 = (04 — 0.c) x 0.374+6,.(°C) (16)

0 is the initial temperature taken for computations in case of the
unavailability of usual means of decay heat removal.

A schematic of the thermal balance in ETNa is represented in Fig. 9.
Heat leaks are coloured blue and thermal sources are coloured red. Ar-
rows indicate the direction of heat flow. The primary circuit is shown on
the left of the figure in a red dashed square, while the secondary circuit
shown on the right as a blue dashed square. One secondary circuit is
shown instead of two, but they share the same architecture. The primary
and secondary circuits communicate via heat exchangers, which are
represented in both circuits by a black dashed square.

3.3.2. Adaptation of the thermal code to the PUIREX experiment

In order to adapt the ETNa model to a decay heat estimate, several
changes have been made. First, the time derivative of the temperature
has to become the input, instead of the decay heat. Second, for the
PUIREX experiment, the thermal leakages and sources were minimised,
as mentioned earlier in paragraph 2.c. Thus, cold traps of purification
circuits were in low regime mode, with the vessel heaters turned off and
the steam generators trapdoors closed. In this configuration, equations
(12) and (14) do not appear in the thermal balance and make the esti-
mate easier and more accurate. Equation (13) is adapted to the experi-
ment, together with equation (17). The f function appears in equation
(17) and is defined in equation (18). This function allows the emptying
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of the S3 secondary circuit to be modelled. Given this configuration, the

results obtained are shown in Fig. 1 (Benoit,et al., 2012).

Lyecondary(0) = (230.9988 —0.82-040.003542-6* + C3) +£(1) (230.9988
—0.82:0+0.003542-6° + C;) (kW)
17
f(t)=H(t—1ty) —H(t — to — 5 days) (18)
H being the Heaviside step function.
3.3.3. Suggested improvements to the thermal model
Firstly, we propose to implement a function f in the function equa-

tion (19) of the secondary pumps, in order to respect the modelling of
the experiment, even if the corresponding contribution is very small.

For= % /)Sa((eg)l) <é)3 - % (% - 1) (ﬂfa((?l) )2 (é) 4

sl 2 (&) +% () Gt (&) o

19)
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Secondly, we found another modelling of the primary leaks given by
another code used for the Phénix reactor called BILTHER (Coulon,
2010). This code was used to estimate the power of the plant thanks to
the thermal balance in the tertiary circuit. In this code, the primary and
secondary leaks are still temperature dependent, which has also been
validated with previous experiments. In this code, the primary thermal
leaks are given by equation (20).

Lprimury (6)

= Ly + Lec (k W)
= —4.56+0.21-0 + 1.25-107*¢* + 403.9 — 6.69-0 (20)

+1.025-1072¢%

3.4. The temperature time derivative

Different methods can be implemented to estimate the time deriva-
tive of the temperature needed in the thermal balance equation (1). Due
to the noise in the temperature measurements presented paragraph 3.a,
we could sample, filter or perform a linear regression on our experi-
mental data. We chose to use OLS linear regression on fitted regression
windows. The slope of the fitting line is the derivative of the temperature
and is approximated by applying equation (21).

9% —0r— 61

%) 2 __ Cov(01) (o —
r—t =00 (Cs)

(2D

These regression windows represent the length of time during which
temperatures are being used to calculate the derivative. The thinner the
windows, the better the calculated slope matches the temperature de-
rivative from a mathematical point of view. Nevertheless, our mea-
surements are noisy and very thin regression windows lead to
unphysical results, so a compromise has to be found. To assign a time to
the calculated derivative, we choose the median of the window. How-
ever, since the decay heat evolves with time, we decided to adapt the
window to the rate at which the temperature changes during the
experiment, in order to maintain the best possible balance between
noisy and accurate results. Such an adjustment of the time window size
had not been performed in the previous analysis of the experiment.

At the early time, narrow regression windows are necessary, other-
wise the derivative result will not be representative of the time to which
it corresponds, as shown in Fig. 10. The figure shows the temperature
time derivative calculated with three different regression windows: 10
min, 20 min and 100 min. The first decay heat value with a 100 min
window is obtained 120 min after the scram, as the first data consistent
with the isothermal assumption was considered to be obtained at 70
min. The 20 min window also uses temperatures after 70 min, while the
10 min window uses data after 75 min to obtain a first value at 80 min.
Looking at Fig. 11, temperatures appear to converge around 70 min, but
do not yet represent an isothermal reactor. Two temperatures repre-
senting the steam generator outlet are still too different from other
temperature measurements. It can be seen that the first value obtained
with a 10 min window is 1.5 times higher than with a 20 min window
and up to 2 times higher than with a 100 min window. This highlights
the problem with the 100 min windows used in the 2012 analysis and
the need for a shorter regression window for early times. It also pin-
points the limitations of a point model to represent the reactor. At later
times the differences are smaller and come from the noise. With this in
mind, we have chosen to reduce the number of decay heat points and
reduce the noise effect, thanks to wider regression windows. This makes
it easier to compare the measurements with the calculations.

In practice, we have chosen to use a 10 min regression window when
the derivative is above 3 °C per hour, a 20 min regression window when
itis between 3 and 1 °C per hour and 100 min if it is below 1 °C per hour.
We chose these values on the basis of the observations we made in
Fig. 10. Before 3 °C per hour, few values are calculated and the noise
seems to be negligible compared to the speed at which the derivative
evolves. Between 3 °C per hour and 1 °C per hour, we still want to be



D. da Cunha et al.

Annals of Nuclear Energy 205 (2024) 110537

120 4
= JE with 1o uncertainties
I Calculation uncertainties
1154 I Experimental uncertainties 1
= I o] - TR - r [
110 4 — [ g
105 1 : T1 [ ' T [
n [ L1 L~ B -
| AT AATTNATNAH AT T TN
5, I MTIN- ] 111
(5] 100 il i
— p— --.q o B il e o e L ?-I — Pl — —— | — o B o
-
0.95 4 - 4 1 [
1 e = - -
090 1 11
0.85 -
0 2500 5000 7500 10000 12500 15000 17500

Cooling time {min}

Fig. 15. Discrepancy between the 2016 decay heat calculation and our 2023 measurement re-analysis, with both experimental and calculation uncertainties at 1 .

0.25

0.20

0.15

0.10 1

COE-1

0.05

0.00 1

—0.05 1

—— 2012
~ 2016
—— 2023

0 2500 5000

7500

10000 12500 15000 17500

Cooling time (s)

Fig. 16. C/E-1 results on the decay heat for the 2012, 2016 and 2023 studies.

precise enough to avoid erasing possible transients, but the noise starts
to be high.

3.5. Experimental uncertainties

We have used the experimental uncertainties given at 1 ¢ by the
previous interpretation (Benoit,et al., 2012), which seem to be based on
expert advice from the experimental team and are poorly documented:

e a 0.5 % uncertainty for the time derivative of the temperature
e a 5 % uncertainty for inertia, primary pumps and secondary pumps
from expert advice

10

e a 10 % uncertainty for primary and secondary heat leakages from
expert advice

3.6. The calculation of the decay heat

The calculation of the decay heat has been described in detail in
previous papers (Benoit, 2012) and (Lebrat et al., 2018). The calculation
package that was used is DARWIN-2 (Tsilanizara et al., 2000) and the
associated nuclear data is the JEFF 3.1.1 library (NEA, 2009). The decay
heat calculations are based on the calculation of the isotopic composi-
tions of all reactor subassemblies just prior to the scram. To calculate
these compositions, the neutron fluxes are estimated for each reactor
cycle in order to perform a depletion calculation based on the neutron
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fluxes and previous compositions. This procedure is repeated until the
last cycle before the experiment. Given the isotopic compositions at the
time the scram is triggered, a final depletion calculation allows us to
know the isotopes present in the reactor at each cooling time. Knowing
their decay properties, we know how much energy is released thanks to
equation (22).

P(t) = Y Ni()AiE; (22)

4. Results of our re-analysis of the experiment

We found out that the short times discrepancies between experiment
and calculation in the previous decay heat estimate were mainly due to a
shift in the time reference during the data processing. The starting point
of the experiment was set to 80 min after the scram in the code pro-
cessing the temperature results. Before this time, the temperatures are
not completely homogeneous as shown in Fig. 11 and the fundamental
assumption of a thermal “point model” representing the reactor cannot
be realistic. In the 2012 decay heat estimate, a 100 min regression
window was used and the first experimental value was considered to
correspond to 70 min after the scram, but it is in fact 150 min due to the
reference time defined by the experimental team. This value had pre-
viously been compared with the result of the DARWIN-2 package, which
used the time of the scram as the reference time; thus 80 min separated
the experimentally estimated values from those calculated.

The effect of the time shift on the C/E discrepancy is important at
short times and tends towards zero due to the inverse exponential shape
of the decay heat decrease, as shown in Fig. 12. This figure displays the
effect of the time shift on the decay heat. It can be observed that between
0 and 2000 min of cooling, the discrepancy is about 10°W, while be-
tween 15 000 and 17 000 min it is around 103W.

Another source of C/E discrepancy is the calculation of the time
derivative of temperature. Calculated by linear regression, it depends on
the size of the regression window. At short times, the temperature
evolves quickly due to the exponential behaviour of decay heat. To be
accurate, a smaller regression window is required as shown in Fig. 10
and explained in paragraph 3.d. This is not the case at longer times, so
the width of the window is adjusted to allow a better estimate of the
experimental decay heat. We obtain value at earlier times than with only
100 min regression windows, as less data and therefore less experi-
mental time is required to provide a value. These adjusted windows also
provide better agreement for early times, as the temperatures used to
calculate the rate of temperature change are more representative.

11

Annals of Nuclear Energy 205 (2024) 110537

The systematic bias appearing after the emptying of the S3 secondary
circuit disappears when using the BILTHER modelling of the primary
circuit thermal leakages, as shown in Fig. 13. For both models, we have
implemented the same regression windows for the calculation of tem-
perature rate of change and no time shift was present. At about 5 000
min, we can observe an intersection between the curves based on the
ETNa and BILTHER thermal modelling. Fig. 14 highlights even more the
bias represented by the fall of the ETNa C/E after 5000 min. The
BILTHER model shows better C/E at short and very long times. There
might be another possible subtle bias estimated at about 15 kW. How-
ever, given the uncertainties shown in Fig. 15, it does not seem relevant
to investigate further.

This explains why the subsequent decay heat calculations still
showed large discrepancies with the previous experimental results: the
decay heat “measurements” are obtained through data interpretation
and post-processing, which make them difficult to obtain. The reactor
has undergone many changes during its operation, including a change of
power. Since the 1990’s, the thermal power of the reactor has been
reduced from 530 to 350 MWt, resulting in a configuration with two
secondary loops instead of three. However, the ETNa models used data
prior to the reconfiguration, implying a possible bias. It is very likely
that the thermal behaviour of the reactor changed over time and partly
because of the S2 secondary circuit emptying, which probably changed
the temperature distribution in the reactor. The BILTHER model was
designed after the power change and validated with data from operation
with two secondary loops. Replacement of materials and ageing of
components might also have changed the thermal behaviour of the
reactor components, since almost 40 years separate the first model used
in the previous estimate and the PUIREX experiment.

With our re-analysis of the experimental data, we observe in Fig. 16
that the C/E discrepancy on the decay heat is now between + 6 % and
—1 % instead of a + 26 % to —6 % previously. A few points are below
—1 % and have a known source: they are due to human intervention on
the reactor operating conditions, for which the thermal modelling is not
accurate enough to calculate the decay heat accurately during such
transients. Nevertheless, experimental uncertainties are too large to
warrant a search for a better model at this stage.

5. Conclusion

Our estimate of the decay heat during the PUIREX experiment now
shows a very good consistency with the latest 2016 calculation, as
shown in Fig. 17. Compared to the previous 2012 estimate, some im-
provements have been made in the time reference, the temperature
variation rate and the model of the primary thermal leaks. The new —
and smaller — discrepancies between the experimental results and the
calculation are great news for the understanding of the experiment and
the validation of the DARWIN-2 depletion package. It highlights the
significance of the data processing and comforts the validity of models
used during the Phénix operation and the validity of the codes. It also
raises questions about the discrepancies between the other experiments
and the corresponding calculations mentioned in Table 1. Similar in-
vestigations will be carried out to see if they can also be explained by the
way the data processing was performed.
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A. Location of the thermocouples used.
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A. Location of the thermocouples used

Appendix 1. . Location of fake exchangers and the two-instrumented poles, which gathered temperatures during the 2008 PUIREX experiment.
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